Research
A series of International Agency for Research on Cancer multinational studies of workers involved in the production of chlorophenoxy herbicides and chlorophenols indicated excess mortality from cancer, ischemic heart disease (IHD), and possibly diabetes in association with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) exposure (Flesch-Janys et al. 1995; Hooiveld et al. 1998; Kogevinas et al. 1997; Vena et al. 1998) . Chemical production workers exposed to TCDD are simultaneously exposed to much higher levels of the commercial chemicals being produced, such as chlorophenoxy herbicides and chlorophenols (Remillard and Bunce 2002) . Results from the cancer mortality study among chlorophenoxy herbicide production workers, some of whom were exposed to TCDD or higher chlorinated dioxins (Kogevinas et al. 1997) , were similar to those reported in an ecologic mortality study of cancer among residents in rural, agricultural counties of Minnesota, Montana, North Dakota, and South Dakota potentially exposed to chlorophenoxy herbicides and/or contaminants (Schreinemachers 2000) . This similarity of results led to the question of whether increased mortality from IHD and diabetes observed among the chlorophenoxy herbicide production workers (Vena et al. 1998 ) might also be observed among residents of agricultural counties of Minnesota, Montana, North Dakota, and South Dakota, where the major field crops spring and durum wheat have been treated predominantly and long term with chlorophenoxy herbicides (Lin et al. 1995) .
The chlorophenoxy herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) and 4-chloro-2-methylphenoxyacetic acid (MCPA) have been widely applied in the United States since World War II and are used for broadleaf weed control in wheat farming and maintenance of home lawns and parks, rights-of-way, and road sides (Short and Colborn 1999) . 2,4-D used for home lawn maintenance is likely to be found in residential carpet dust up to 1 year after application (Nishioka et al. 1996) . Chlorophenoxy herbicides are present in agricultural and urban streams and in the atmosphere [U.S. Geological Survey (USGS) 1995, 2003 ]. 2,4-D and MCPA are transported over short and long distances attached to air particles, with concentrations highest in regions where they are applied at the time of application (Waite et al. 2002 (Waite et al. , 2005 . Contaminants present in technical-grade 2,4-D and MCPA include polychlorinated dibenzodioxins and dibenzofurans and 2,4-dichlorophenol [U.S. Department of Agriculture (USDA) 1998 ]. More recently, aryl hydrocarbon receptor-based assays for dioxin-like activity of chlorinated herbicides applied in the Minnesota Red River Valley showed that most of these commercial-grade mixtures had measurable dioxin-like activity (Huwe et al. 2003) .
Confirmatory analytic chemical studies showed that some of the 2,4-D ester formulations were contaminated with dioxins/furans, including trace amounts of TCDD.
Residents of agricultural counties of Minnesota, Montana, North Dakota, and South Dakota may be environmentally and/or occupationally exposed to 2,4-D and MCPA. Wheat acreage per county or percentage of the county's land area dedicated to wheat farming was used in two previous ecologic studies as a surrogate measure of exposure to chlorophenoxy herbicides and/or contaminants, because information on herbicide use by county was not available (Schreinemachers 2000 (Schreinemachers , 2003 . Use of this surrogate exposure measure was a reasonable choice because chlorophenoxy herbicides are the predominant herbicides applied to wheat and because other major field crops in these four states, corn and soybeans, are mostly treated with other herbicides, based on information on herbicide use by crop, state, and year, available since 1991 (USDA 1991). Before 1991, information on herbicide use was available only for groups of states.
In the present ecologic study I investigated the possible links between environmental exposures to chlorophenoxy herbicides and mortality during 1979-1988 and 1989-1998 from IHD and type 2 diabetes. Counties with different levels of wheat farming provided a gradient of exposures, thereby overcoming the lack of a null referent. This hazard identification study can be one of the initial steps in defining an association between environmental populations living in agricultural counties are more likely to be exposed to agricultural chemicals than are urban populations. Farming communities tend to be more residentially stable than urban communities (Blair and Zahm 1995) . Although farmers and their families may have been exposed to higher levels of pesticides than the general rural population, it was not possible to distinguish between farmers and nonfarmers. Averages of total wheat acreage per county were determined for 1970-1979, 1980-1989, and 1990-1999 To further define wheat acreage in rural, agricultural counties of Minnesota, Montana, North Dakota, and South Dakota as a surrogate for chlorophenoxy herbicide use, I determined acreage for the different classes of wheat in the selected counties. The percentage of herbicide-treated acreage for spring and durum wheat is larger than for winter wheat, which is a better competitor with weeds (Lin et al. 1995) . For counties with a large winter wheat acreage, I applied a correction factor to the winter wheat acreage before combining it with spring and durum wheat acreage to obtain a value for total wheat acreage. This correction factor was based on 1991-1998 herbicide treatment for the different classes of wheat (USDA 1991) . This information was not available for years before 1991.
Statistical methods. I used Spearman correlations to determine the associations among 1964 and average 1970-1979, 1980-1989, and 1990-1999 levels of wheat acreage. Depending on the number of deaths available for the specific underlying cause under study, counties were grouped based on the median or tertiles of the percentage of land area dedicated to wheat. For diabetes mortality, I compared high-wheat counties with low-wheat counties. For mortality from IHD, including AMI and CAS, I compared high-and mediumwheat counties with low-wheat counties. For the univariate analyses by mortality cohort, sex, and age groups, I calculated standardized rate ratios (SRRs) and 95% confidence interval (CI) using direct age standardization based on the 1970 U.S. population, according to established methods (Greenland and Rothman 1998) . For the multivariate analyses I used Poisson regressions, adjusting for mortality cohort (1989-1998 vs. 1979-1988) , sex (male vs. female), age (≥ 65 vs. < 65 years of age), and county's poverty level (based on median percentage of families with income below poverty level in 1979, ≥ 13.15 vs. < 13.15 [U.S. Census Bureau 1980b] ). Analyses for IHD mortality excluded subjects < 25 years of age. Analyses for diabetes mortality included subjects ≥ 45 years of age so that the obtained results refer mostly to type 2 diabetes (Calle et al. 1998) . The high number of deaths from AMI made it possible to include additional analyses. Separate Poisson models were run for subjects < 65 years and ≥ 65 years of age. I estimated the wheat effect on AMI mortality for individual states by comparing high-with lowwheat counties based on the median wheat percentage of each state. Statistical analyses and creation of figures were performed using SAS software (SAS Institute Inc. 2001).
Results

Wheat and chlorophenoxy herbicide use.
Although the average percentage of a county's land area dedicated to wheat increased from 6.9% in 1964 to 12.1% during 1990-1999 , Spearman correlations for the average 1970-1979 wheat acreage with the 1964, average 1980-1989, and average 1990-1999 wheat acreages were 0.98 (p < 0.0001), 0.95 (p < 0.0001), and 0.94 (p < 0.0001), respectively. This implied that a county with a high percentage of its land area dedicated to wheat during [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] was most likely also a highwheat county during 1964, 1980-1989, and 1990-1999 . The average total wheat acreage for 1970-1979 expressed as a percentage of a county's land area was used as a surrogate measure of exposure to chlorophenoxy herbicides. Wheat acreage during the other time periods could probably also have been used given the high correlations. A USDA report showed that in 1976, > 90% of the herbicides applied to wheat in the United States consisted of chlorophenoxy herbicides (Eichers et al. 1978) . The percentage of chlorophenoxy herbicides applied overall to wheat decreased to 67% in 1992 because of increased use of other herbicides (Lin et al. 1995) .
I determined acreage for the different classes of wheat in the selected counties of the four states for [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] . The estimated acreage of winter wheat during 1970-1979 was < 2% in the selected counties of Minnesota and North Dakota, so total wheat acreage was practically synonymous with the combined durum and other spring wheat acreage. However, the average acreage of winter wheat in the selected Montana and South Dakota counties contributed 36% and 20%, respectively, to the total wheat acreage. Given these data, it seemed appropriate to apply a correction factor to winter wheat acreage in Montana and South Dakota to account for the less intensive herbicide treatment. The amount of herbicides used on different classes of wheat has been made available for individual states since 1991. The 1991-1998 average percentage of durum and other spring wheat acreage treated with any herbicides in Minnesota, Montana, North Dakota, and South Dakota was 91%, whereas the average percentages of winter wheat in Montana and South Dakota treated with any herbicide were 86% and 67%, respectively. Assuming that the percentage of herbicide treated winter wheat acreage in Montana and South Dakota during 1991-1998 was similar to the percentage of herbicide-treated acreage during 1970-1979, a correction was applied to the [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] winter wheat acreage in counties of Montana and South Dakota, by multiplying the winter wheat acreage by 0.95 (86/91) and 0.74 (67/91), respectively, before combining winter wheat acreage with durum and other spring wheat acreage by county to obtain a value for adjusted total wheat acreage.
County characteristics. Characteristics of the 152 selected counties distributed over three groups based on tertiles of the counties' wheat percentage are presented in Table 1 . Most counties in the low-wheat group were located in Minnesota, whereas counties in the high-wheat group were mostly located in North Dakota. Medium-and high-wheat counties grew less corn and soybeans than did low-wheat counties and had a larger rural and farm population size. With increasing wheat percentage, the total population size decreased, whereas the percentage of subjects ≥ 65 years of age increased.
Ischemic heart disease, diabetes, and wheat agriculture Environmental Health Perspectives • VOLUME 114 | NUMBER 2 | February 2006 Cardiovascular disease and diabetes mortality. Table 2 presents crude and age-adjusted mortality rates for all ages by sex and mortality cohort. Age-adjusted U.S. rates are also presented for comparison (CDC 2004a) . U.S. rates for mortality from IHD and diabetes were slightly higher than rates in the combined selected counties. Comparison of the two cohorts showed that 1989-1998 mortality from diabetes (all types) increased > 20%, whereas mortality from IHD decreased > 30%, which is consistent with the overall decline of mortality from IHD (including AMI and CAS) due to improved dietary patterns and treatment, decreased smoking, and increased physical activity (CDC 1992 (CDC , 1997 . Analysis of the two main subcategories of IHD revealed that age-adjusted rates for AMI among men were approximately 10% higher, and rates of CAS for both men and women were > 20% lower, in selected counties compared with the U.S. population.
Age-standardized mortality rates by age group, sex, and mortality cohort are presented for IHD, AMI, and CAS, in grouped low-, medium-, and high-wheat counties, and for diabetes in grouped low-and high-wheat counties (Table 3 , Figures 1-4 ). Wheat effects (surrogate for chlorophenoxy herbicide exposure) on IHD were slightly higher for the 1989-1998 cohort (Figure 1 ). These effects were more pronounced for AMI, especially for men and women < 65 years of age (Figure 2 ). Contrary to the increasing trend of mortality from AMI with increased wheat acreage, the trend for mortality from CAS was reversed, showing a decrease in high-wheat counties. This downward trend in deaths was observed for both mortality cohorts, both sexes, and both age groups (Figure 3) , as indicated by SRR values of < 1 and 95% CI values excluding 1. Generally, diabetes mortality was higher in high-wheat counties (Table 3, Figure 4) .
The results from Poisson models adjusting simultaneously for mortality cohort, sex, age, and poverty are presented in Table 4 . In highwheat counties, mortality from IHD, AMI, and diabetes (mostly type 2 because of excluding deaths of subjects < 45 years of age) was significantly increased by 8, 20, and 16%, respectively, whereas mortality from CAS was significantly decreased by 11% (models 1-4). The mortality increase from AMI in highwheat counties was more pronounced among subjects < 65 years (31%) than for those ≥ 65 years of age (16%) (models 5-6). Given that chlorophenoxy herbicides use started around 1950, those that died < 65 years of age may have been exposed prenatally and/or as a child. Mortality from AMI for individual states (models 7-10) was significantly increased in Minnesota (12%), North Dakota (16%), and South Dakota (7%). The effect for Montana (6%) was not significant, which was likely due to the low number of deaths from AMI and the few and narrow range of counties. To test this possibility, I ran a separate model for Minnesota, restricted to counties in the same wheat percentage range as Montana, which resulted in a nonsignificant wheat effect of 1.05 (0.91-1.15), similar to the results obtained for Montana.
I repeated the Poisson models after applying a correction factor based on the winter wheat acreage in Montana and South Dakota.
The adjusted results were very similar to the nonadjusted results (data not shown).
Discussion
The observed increases in mortality from IHD and diabetes in the general rural population of agricultural counties in Minnesota, Montana, North Dakota, and South Dakota are consistent with results from studies on effects from exposure to dioxin and dioxin-like compounds. Chlorophenoxy herbicides and chlorophenol 1979 -1988 8,408,234 1989 8,374,404 Female 1979 -1988 8,452,082 1989 production workers exposed to dioxin, based on estimates from job records and company exposure questionnaires, showed an increase in mortality from IHD and possibly diabetes (Vena et al. 1998) . Likewise, studies of Operation Ranch Hand veterans showed an increase of mortality from circulatory system diseases (Michalek et al. 1998 ) and an increase in diabetes prevalence (Henriksen et al. 1997 ). This association between diabetes and serum dioxin levels in the Vietnam veterans has been defined as "limited and suggestive" (Brown 2000) . A dose response of IHD mortality in association with exposure to polychlorinated dibenzo-p-dioxins and dibenzofurans was observed in a German herbicide-producing plant (Flesch-Janys et al. 1995) . Widespread exposure to dioxin from the Seveso, Italy, accident was associated with increased mortality from chronic IHD, cancer, and diabetes (Bertazzi et al. 2001 ). Increased hospitalization rates for IHD were observed among New York State residents living near sites contaminated with persistent organic pollutants (Sergeev and Carpenter 2005) . Increased mortality from diabetes and several cancers has been observed for pulp and paper mill workers (Axelson et al. 1998; Henneberger et al. 1989; Schwartz 1988; Wingren et al. 1991) . Environmental factors are thought to play a role (Carpenter et al. 2002; Longnecker and Daniels 2001; Remillard and Bunce 2002) . The increase in mortality from type 2 diabetes with increasing wheat acreage should be considered with caution. Estimated rates of diabetes mortality may be unreliable because of severe underreporting of the disease (CDC 2004b) , in addition to usually not being listed as underlying cause of death (Geiss et al. 1995) . To support the diabetes results, mortality in high-and low-wheat counties were compared for two additional diseases known to be associated with diabetes, namely, renal disease (ICD-9 580-589) and cerebrovascular disease (ICD-9 430-438) (CDC 2004b; Harris Ischemic heart disease, diabetes, and wheat agriculture Environmental Health Perspectives • VOLUME 114 | NUMBER 2 | February 2006 189 Table 3 . Age-standardized mortality rates/100,000, ratios, and 95% CIs for IHD, AMI, CAS, and diabetes mellitus, in low-, medium-, and high-wheat counties. 1995). Mortality from renal disease increased by 21% in high-wheat counties [risk ratio (RR) = 1.21; 95% CI, 1.12-1.31], whereas mortality from cerebrovascular disease did not show an effect (RR = 0.98; 95% CI = 0.94-1.03). These two disease groups were not further investigated. The seemingly contradictory outcomes of increasing mortality from AMI and decreasing mortality from CAS in association with wheat acreage agree with results of a study on cardiovascular mortality during 1987-1997 in Minnesota (Morrison et al. 2000) . This study showed that in the northwest region of Minnesota, where wheat is one of the major Mortality/100,000 Mortality/100,000 Mortality/100,000 A B C 1979 -1988 Male Female 1989 Male Female field crops, mortality from AMI was higher and mortality from CAS was lower compared with the other Minnesota regions, both in younger and older men and women. Assuming that CAS is a major risk factor for AMI, one could argue that among subjects susceptible to IHD, those more highly exposed died from AMI as underlying cause, resulting in fewer deaths being available for CAS, a case of competing mortality. Other interpretations are also worth considering. AMI often occurs in the absence of hyperlipidemia. Recent studies have shown that high levels of C-reactive protein (C-RP), an indicator of systemic inflammation, are associated with increased risk of AMI (as well as metabolic syndrome and type 2 diabetes), independent of the level of CAS (Pradhan et al. 2001; Ridker et al. 2004) . Although increased levels of C-RP and atherosclerosis may indicate distinct risk groups (Theuma and Fonseca 2003) , elevated C-RP levels are thought to be the stronger predictor of future cardiovascular events and may be associated with plaque fragility and rupture (Aronow 2003; Hansson 2005; Ridker et al. 2002 Ridker et al. , 2004 . If the increased mortality observed for AMI in the present study is indeed associated with increased C-RP levels, the observed decrease in mortality from CAS may now have an alternative interpretation. Considering that 2,4-D and MCPA have similar chemical structures as the hypolipidemic drug clofibrate (2-[4-chlorophenoxy]-2-methylpropionic acid ethyl ester) (Axelson et al. 1980) and that 2,4-D and MCPA, as well as clofibrate, have lipid-lowering effects in rats (Vainio et al. 1983) , one might ask if the observed decrease in mortality from CAS could be caused by a lipid-lowering effect from environmental exposures to chlorophenoxy herbicides. Further studies will have to investigate this. Finally, differences among counties in determination of underlying cause of death as well as chance may have contributed to these findings. Mortality/100,000 Mortality/100,000 1979 -1988 Male Female 1989 Male Female Table 4 . Poisson regression comparing high-wheat (HW) and medium-wheat (MW) counties with lowwheat counties (LW), with adjustment for mortality cohort, sex, age, and poverty index.
warranted (Pekkanen and Pearce 2001; Susser 1998) . Evidence from studies at the molecular, individual, population, and/or ecosystem level needs to be combined to completely define the link between environmental exposure and health effects. This requires multidisciplinary studies and interdisciplinary collaborations. Population (or ecologic) studies are fundamental as a first step in identifying a potential hazard and defining the key public health problem, because effects from exposures common throughout a study population can be uncovered only by comparison of populations (Pekkanen and Pearce 2001) . Results from a single ecologic study can be easily misinterpreted and cannot establish causal inference (Morgenstern 1995) . Individual risk factors cannot be accounted for in an ecologic study, because the focus is on the environment in which people live rather than on their personal lifestyles. Therefore, an ecologic study needs to be followed by an individual risk factor study based on hypotheses generated by the ecologic results, with adjustment for individual risk factors and confounders. An example in this study would be the potential confounding effect from smoking. Controlling for smoking usually has only a modest effect if risk estimates are high (Axelson and Steenland 1988) . Although in the present study risk estimates for AMI are relatively low, there is no reason to assume that smoking rates per county increase with intensity of wheat farming. The fact that mortality from AMI increases with wheat percentage for both sexes, both younger and older subjects, and both 1979-1988 and 1989-1998 mortality cohorts suggests that the effects are associated with wheat agriculture. The present ecologic study as well as several previous studies used existing databases (Garry et al. 1996; Schreinemachers 2000 Schreinemachers , 2003 Schreinemachers et al. 1999 ). Comparison of regions at different levels of wheat farming provided the opportunity to observe adverse health effects in association with environmental exposures to chlorophenoxy herbicides and/or contaminants. Individual risk factor analysis could not have uncovered these associations easily. Results from the present study have generated hypotheses concerning the increase of AMI and the decrease of CAS in association with environmental, repeated (annually), lowdose exposures to chlorophenoxy herbicides and/or contaminants. Future, more definitive studies should include biomarkers such as serum levels of dibenzodioxins and dibenzofurans, levels of glycosylated hemoglobin, lipid levels, white blood cell counts and determination of C-RP. Subject-based studies should adjust for known individual risk factors for the diseases under study, such as obesity, smoking, socioeconomic factors, and access to medical care. Molecular studies could investigate whether chlorophenoxy herbicides are synthetic ligands for peroxisome proliferator activated receptors (PPARs). Activation of PPARs is the mechanism by which hypolipidemic fibrates induce hypolipidemia in humans (Clay et al. 2000; Vamecq and Latruffe 1999) .
In summary, this ecologic study is an example of how population studies can make valuable contributions to public health by identifying potential environmental hazards.
